The present paper discusses the unsteady aerodynamic forces on long-span curved roofs by using large eddy simulation (LES). The forced vibration test in a turbulent boundary layer is simulated. The models are force vibrated in the first anti-symmetric mode to investigate the influences of a roof's vibration on the wind pressure and flow field around a vibrating roof. The characteristics of unsteady aerodynamic forces in a wider range of reduced frequency of vibration are also investigated. A comparison between the wind tunnel experiment and the LES indicates that the LES can be used effectively to evaluate the unsteady aerodynamic force.
Introduction
Wind-structure interaction is a critical consideration in the design of many structures in civil engineering, especially for structures being flexible and light, such as long-span bridges, highrise buildings, and long-span roofs. Such structures are generally vulnerable to the dynamic wind actions because of low damping and frequency [1] [2] [3] [4] . The wind-structure interaction induces unsteady aerodynamic forces, or motion-induced wind forces, which may affect the wind-induced response significantly [5, 6] . Therefore, the unsteady aerodynamic force is an important consideration in the design of long-span vaulted roofs. Uematsu and Uchiyama [7] conducted a series of wind tunnel tests using elastic models of a one-way type of suspended roof. The mechanism of the wind-induced vibrations and the effect of wind-roof interaction on the dynamic response were discussed. Daw and Davenport [8] carried out a forced vibration test on a semi-circular roof to investigate the dependence of unsteady aerodynamic forces on the turbulence intensity, wind speed, vibration amplitude, and geometric details of the roof.
Ohkuma et al. [9] investigated the mechanism of aeroelastic instability of long-span flat roofs using a forced vibration test in a wind tunnel. At present, long-span curved roofs are universally constructed. However, there is an insufficient research on unsteady aerodynamic forces on long-span curved roofs, and the characteristics of unsteady aerodynamic forces are not well understood. Therefore, it is necessary to investigate this problem further for proposing more reasonable methods of response analysis for these roofs.
In this chapter, we investigate the characteristics of unsteady aerodynamic forces acting on long-span curved roofs for improving the wind-resistant design method. The large eddy simulation (LES) is used to discuss the influences of a roof's vibration on the wind pressure and flow field around a vibrating roof. The characteristics of unsteady aerodynamic forces in a wider range of reduced frequency of vibration are also investigated. The results of LES are validated by comparing with the experimental results.
Unsteady aerodynamic force
This section is focused on the illumination of unsteady aerodynamic forces (motion-induced forces), which result from the wind-structure interaction. Fluctuating deflections of the structure may be excited by the turbulence in oncoming flow, or the wake instability caused by vortex shedding in the structural wake. The unsteady aerodynamic forces result from the modification of the flow as the structure vibrates or changes shape, in other words, the interaction of the wind flow and structure. These forces may lead to instability. The unsteady aerodynamic force is described as two components: the aerodynamic stiffness term that is in-phase with the displacement and the aerodynamic damping term that is out-phase with displacement.
The aerodynamic stiffness is the added stiffness of the air surrounding the structure, which may increase or effectively reduce available structural static stiffness. For a conventional heavy structure, the aerodynamic stiffness is generally insignificant in comparison to the structural stiffness. However, for a long-span light-weight structure, which vibrates more easily in the wind, the aerodynamic stiffness may change the structural response. For instance, if the total static stiffness of the system in wind is reduced to zero, then a divergent instability may be induced.
When a structure is vibrating in the wind, the relative velocity of the structure to the wind flow changes in magnitude and direction. This phenomenon effectively produces an added damping force, referred to as aerodynamic damping. The aerodynamic damping may add to the structural damping to reduce the response of structure, or become negative and increase the response of the structure. The chances of aerodynamic instability are high as the total damping in the system approaches zero.
Definition of unsteady aerodynamic force
The displacement of structure in the jth mode may be represented by the following equation,
where φ j and x j are the mode shape and generalized displacement of the jth mode, respectively; and s represents the circumferential coordinate taken along the roof.
Applying a modal analysis to the equation of motion for the roof, we obtain the following equation of motion for the jth generalized displacement,
where M sj = generalized mass, ω sj = natural circular frequency, ζ sj = critical damping ratio, and F j = generalized force. F Wj represents the fluctuating wind force due to the oncoming flow and wake instability, while F Aj represents the unsteady aerodynamic force due to the wind-roof interaction.
In the case of the forced-vibration test, a steady vibration in the first anti-symmetric mode represented by a sine curve is applied to the roof. The unsteady aerodynamic force F Aj (here j =1) can be obtained from Eq. (5) by using the Fourier series at the frequency f m of the forced vibration:
where F Rj and F Ij are the in-phase and out-of phase components of the unsteady aerodynamic force, respectively.
Large eddy simulation
The LES is used to investigate the characteristics of unsteady aerodynamic forces. The influences of a roof's vibration on the wind pressure and flow field around a vibrating roof are also investigated. The simulation is carried out by using a CFD software 'STAR-CD'.
Computational outline

Computational model
The computational model used in the 'STAR-CD' is shown in Figure 1 . In order to investigate the effect of geometric shape on the unsteady aerodynamic force, the rise/span ratio r/L of computational models is assumed to be 0.15, 0.20, and 0.25. The curved roof model is forced to vibrate in the first anti-symmetric mode as shown in Figure 1 . Table 1 summarizes the computational parameters. In order to discuss the effect of geometric shape on wind-roof interaction, the rise/span ratio is changed from 0.15 to 0.25. The amplitude
Computational parameters
x 0 of vibration is fixed to 4.0 mm (i.e. x 0 /L = 1/100). In this study, based on the assumptions of the mean roof height for real structure H _r = 20 m; the wind speed at mean roof height U H_r =2 0 -40 m/s; the natural frequency f s = 0.4-2.5 Hz. We calculated the reduced frequency for real roof f _r * = 0.2-2.5, as shown in Table 3 . In order to satisfy the similarity principle of real long-span roofs f m * = f _r * (f m * = the reduced frequency for model), the forced vibration frequency f m should be set at 12.5-156.25 Hz, as shown in Table 2 . With regard to the limitation of forced vibration equipment used in the wind tunnel experiment [10] , the forced vibration Table 2 . Determination of forced vibration frequency.
Flight Physics -Models, Techniques and Technologies frequency cannot be set as large as this. Therefore, it is necessary to use LES to examine the characteristics of unsteady aerodynamic forces in a wider range of reduced frequency. For the LES, we change the forced vibration frequency from 0 to 160 Hz and the range of reduced frequency of vibration is from 0 to 2.5, as shown in Table 1 . Figure 2 shows the computational domain. In this study, the length of span direction equals the span of roof to generate two-dimensional flow that is corresponded with that used in the wind tunnel experiment.
Computational domain
Computational mesh
In the simulation, various types of mesh arrangements were calculated. We compared the results of LES with those of wind tunnel experiment. And then, the mesh arrangement was selected which leads to the most corresponding results with that of experiment, as shown in Figure 3 . The magnitude of minimum mesh is 0.15 Â 10 À3 . And the dynamic mesh is used to simulate the vibration of model. LES of Unsteady Aerodynamic Forces on a Long-Span Curved Roof http://dx.doi.org/10.5772/intechopen.70880 105
Computational and boundary conditions
There are mainly three types of CFD approaches, which are used in computational wind engineering (CWE): the Reynolds-averaged Navier-Stokes (RANS), the large eddy simulations (LES), and direct numerical simulation (DNS). Due to the limitation of available computer memory and speed at present, DNS cannot be widely used in CWE for solving complicated practical problems. RANS solves the time-averaged NS equations, and the averaged solution reflects the averaged properties of the turbulent flow. Thus, the time-averaged solution is less trustable in nonstationary flows. On the other hand, LES resolves the scale of motion larger than the gird size and the effect of motion of turbulent eddy smaller than grid scale needs to be modeled. The unsteady motions of large eddy can be explicitly predicted and the accuracy is usually much better than RANS models, since the effects of only small eddy are modeled. Therefore, the LES is adopted in this study.
The governing equations adopted in the present LES method are the spatially filtered continuity and Navier-Stokes equations as follows,
where u i , u j represent flow velocity in i-direction and j-direction. The p, ρ, and υ represent pressure, density, and dynamic viscosity of the fluid, respectively. The (u) denotes application of the spatial filter. The τ ij is subgrid-scale (SGS) stress, which is parameterized by an eddy viscosity model. The standard Smagorinsky model is adopted to estimate the term of τ ij ,a s shown in Eqs. (11)- (13) .
where υ SGS is the subgrid-scale turbulent eddy viscosity. S ij is the rate of strain tensor for the resolved scale. Δ means the spatial filter width and C s is the Smagorinsky constant and is taken as 0.12 (C s = 0.12). The computational and boundary conditions are summarized in Table 3 .
Inflow turbulence
As is known, the flow around a structure is strongly affected by the flow turbulence. Therefore, the proper generation of the inflow turbulence for the LES is essential in the determination of wind loads on structures. At present, several techniques have been developed. In general, there are three kinds of inflow turbulence generation methods. The first approach is to store the time history of velocity fluctuations obtained from a preliminary LES computation. Nozu and Tamura [11] employed the interpolation method with the periodic boundary condition to simulate a fully developed turbulent boundary layer and tried to change the turbulent characteristics by using roughness blocks. Another approach is to numerically simulate the turbulent flow in auxiliary computational domains (often called a driver region set at the upstream region of a main computational domain). Lund et al. [12] proposed the method to generate turbulent inflow data for the LES of a spatially developing boundary layer. Kataoka and Mizuno [13] simplified Lund's method by assuming that the boundary layer thickness is constant within the driver region, and only the fluctuating part of velocity is recycled in the streamwise direction. Nozawa and Tamura [14, 15] discussed the potential of large eddy simulation for predicting turbulence characteristics in a spatially developed turbulent boundary layer over a rough ground surface and improved Lund's method. The third approach is to use artificial numerical models to generate inflow turbulence statistically [16] [17] [18] [19] .
In this study, we use a preliminary LES to simulate inflow turbulence and store the time history of velocity fluctuations. Figure 4 shows a schematic illustration of the domain of the preliminary computation. In the domain, the roughness blocks with heights 3, 5, and 8 cm are distributed on the ground to generate turbulence. The computational and boundary conditions are summarized in Table 4 . The profiles of the mean wind speed and turbulent intensity at the inlet of the computational domain are shown in Figure 5 (a). The longitudinal velocity spectrum at a height of H =90mm is shown in Figure 5 (b). In both figures, the results of wind tunnel flow are also plotted for comparative purposes. It can be seen that the inflow turbulence used in the LES is generally in good agreement with that used in the wind tunnel experiment. Flight Physics -Models, Techniques and Technologies
Results and discussion
Comparison with wind tunnel experiment
In order to validate the LES computation, the distributions of the mean wind pressure coefficient C p_mean and fluctuating wind pressure coefficient C p_RMS along the centerline of the vibrating roof is compared with those obtained from the wind tunnel experiment. Figures 6 and 7 show the results, in which the results for the frequencies of 0, 10, and 15 Hz are plotted. It can be seen that there is generally a good agreement between the LES and the wind tunnel experiment. In Figure 6 , the difference is somewhat larger near the rooftop; the LES values are approximately 10% larger in magnitude than the experimental ones. This difference may be due to a difference in surface roughness of the roof between the LES and the wind tunnel experiment. In Figure 7 , when the f m = 0 Hz, the value of C p_RMS for the LES is larger than that for the wind tunnel test. That maybe because that the turbulence intensity of inflow turbulence used in the LES is slightly larger than that used in the wind tunnel test (see Figure 5 ).
Distribution of wind pressure on the roof
The distributions of mean and rms fluctuating wind pressure coefficients for various forcedvibration frequencies are shown in Figure 8 . It can be seen that the mean wind pressure coefficients Cp_mean near the rooftop increase in magnitude and the rms fluctuating wind pressure coefficients Cp_rms generally increase, as the forced-vibration frequency increases. Furthermore, the variation is significant near the position of the greatest forced-vibration amplitude. These results indicate that the wind pressure field around the vibrating roof is strongly influenced by the vibration of the roof. Flight Physics -Models, Techniques and Technologies Figure 9 shows the variations of mean and rms fluctuating wind pressure coefficients with the rise/span ratio. It can be seen that the Cp_mean changes from negative to positive at the leading edge of the roof as the rise/span ratio increases. Furthermore, the negative peak value increases in magnitude with an increase in rise/span ratio. The value of Cp_rms increases with an increase in rise/span ratio at the middle part of the roof. However, the effect of r/L on Cp_rms is less significant than on Cp_mean.
Discussion flow field around the roof
The roof configurations at several steps (phases) during one period of vibration are shown in Figure 10 . The deformation of the windward side is upward and becomes the greatest at step 2; and that of the leeward side is upward and becomes the greatest at step 4. LES of Unsteady Aerodynamic Forces on a Long-Span Curved Roof http://dx.doi.org/10.5772/intechopen.70880 Figure 11 shows representative flow fields around a stationary or vibrating roof at a frequency of 10 or 20 Hz. It can be seen that the wind speed increases near the roof regardless of the roof's vibration. In the case of a stationary roof (f m = 0 Hz), the flow separates near the 3/4 position of the roof from the leading edge. On the other hand, in the case of a vibrating roof, the separated vortex seems smaller than that in the stationary roof case, which may be due to the vibration of the roof that restrains the separation of the vortex. In addition, the separated position at the Flight Physics -Models, Techniques and Technologies rear of roof changes with the vibration of roof. The separated position is relatively forward when the roof is vibrated in step 1 to step 3, because the deformation at the windward side of roof makes the flow separated in advance. On the other hand, the separated position is relatively backward when the roof is vibrated in step 3 to step 5, as the result that the deformation at the leeward side of roof restrains the flow separated. Figure 12 shows the effect of the rise/span ratio on the flow field around a vibrating roof at a forced vibration frequency of 20 Hz. It can be seen that the wind speed near the rooftop becomes higher, generating larger suction as the rise/span ratio increases. Therefore, the negative peak value of Cp_mean increases with an increase in rise/span ratio (see Figure 8 ). Furthermore, as the rise/span ratio increases, the vortex at the rearward of roof becomes larger. 
Evaluation of unsteady aerodynamic forces
In this study, we use aerodynamic stiffness coefficient a Kj and aerodynamic damping coefficient a Cj to investigate the characteristics of unsteady aerodynamic forces acting on a vibrating long-span curved roof, which are given by the following equations [8] : LES of Unsteady Aerodynamic Forces on a Long-Span Curved Roof http://dx.doi.org/10.5772/intechopen.70880
where The generalized force F j may be described in terms of the external and internal pressures p e and p i , as shown in Eq. 16, are consistent with those of the wind tunnel experiment, which indicates that the LES model can be used for investigating the characteristics of unsteady aerodynamic forces. The aerodynamic stiffness coefficient a K is generally positive and increases with an increase in f m * , which decreases the total stiffness of the system. On the other hand, the aerodynamic damping coefficient a C is negative and increases in magnitude with an increase in f m * , resulting in an increase in the total damping of the system.
The distribution of aerodynamic stiffness and damping coefficients a K and a C with f m * for various rise/span ratios is shown in Figure 14 . It can be seen that the values of a K for r/L = 0.15, 0.20, and 0.25 are generally consistent with each other when f m * <0.4. However, when f m * >0.4, the value of a K decreases with an increase in the rise/span ratio. Regarding the value of a C , the results for various rise/span ratios are generally similar to each other. This figure indicates that the value of a K is influenced by the rise/span ratio of a long-span vaulted roof. However, the effect of the rise/span ratio on the value of a C is small. Figure 13 . Comparisons of the LES and the wind tunnel experiment for the aerodynamic stiffness coefficient a K and aerodynamic damping coefficient a C versus reduced frequency of vibration f m * .
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Concluding remarks
The unsteady aerodynamic forces acting on the long-span curved roof have been investigated based on a numerical simulation (LES). A forced vibration test was carried out. First, the influence of a roof's vibration on the wind pressure was investigated. It is found that the wind pressure on a vibrating roof is strongly influenced by the roof's vibration. Furthermore, the flow field around a vibrating roof was also investigated. It is found that the vibration of the roof may restrain the separation of a vortex near the trailing edge of the roof. Finally, the characteristics of unsteady aerodynamic force acting on a long-span vaulted roof were evaluated. Both the wind tunnel experiment and CFD simulation show similar results for the variation of aerodynamic stiffness and damping coefficients a K and a C with reduced frequency of vibration f m * , which implies that the LES is effective to investigate the characteristics of unsteady aerodynamic forces. The aerodynamic stiffness coefficient is generally positive, which decreases the total stiffness of the system, resulting in aeroelastic instability of long-span vaulted roofs with lower stiffness. On the other hand, the aerodynamic damping coefficient is negative, which results in an increase in the total damping of the system, resulting in a decrease in the response of the roof. Therefore, it is necessary to consider the effects of unsteady aerodynamic forces in the windresistant design of long-span curved roof with lightweight and low stiffness for evaluating the response of the roof more reasonably. 
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